Introduction
Lead is associated with an array of contemporary products and activities (such as batteries, paint, the use of arms and ammunition, pottery and the crafting of fishing sinkers) and a broad range of detrimental health and social outcomes in children as well as adults (Bellinger and Needleman, 2003; Tong et al., 2000) . Reductions in intelligence, shortened concentration spans, hearing loss, poor school performance, aggression and violence (Bellinger, 2008; Nevin, 2007; Schwartz and Otto, 1991) are amongst the detrimental health and social effects associated with lead exposure (Bellinger et al., 1991) . In adults, lead exposure has been associated with kidney damage, hypertension, cardiac disease and lowered levels of fertility Martin et al., 2006) . Lead-related health effects have been demonstrated even at very low levels of exposure (around 3 µg/dl), and there is widespread consensus regarding the absence of a blood lead threshold of safety (Betts, 2012; Gilbert and Weiss, 2006) .
Growing recognition of the devastating personal and community consequences of lead exposure and poisoning prompted many countries to commence multi-faceted lead exposure reduction programmes in the 1970 s. Amongst the measures implemented were phasing out the use of leaded gasoline, and controlling the use of lead in products such as paint, fishing sinkers, food cans and toys. In the United States of America (USA), where a concerted programme of action to reduce lead exposure has been underway since the 1970 s, children's blood lead levels have since declined considerably (Pirkle et al., 1994; Tong et al., 2000) .
In contrast to the experience in well-resourced countries, lead exposure reduction efforts have been relatively weak and piecemeal in many poorly resourced countries. In various African countries for example, studies conducted have indicated ongoing lead exposure from mining (Lo et al., 2012) , paint (Mathee et al., 2007) , fishing sinkers (Mathee et al., 2013) , playground equipment (Mathee et al., 2009 ), traditional medicines , traditional drinking brews (Mosha et al., 1996) , e-waste (Olafisoye et al., 2013) , cosmetics (Orisakwe and Otaraku, 2013) , cultural practices such as geophagia (Mathee et al., 2014; Nyaruhucha, 2009) , food (Makokha et al., 2008) and the formal and informal occupational sectors (Haefliger et al., 2009) . It is probable that in many African countries further, as yet unstudied, sources of lead exposure exist alongside those mentioned above.
By the 1970 s, the use of firearms and shooting ranges had been recognized as a key source of lead exposure in the USA (Anderson et al., 1977) , but to our knowledge, few if any studies on this group have been undertaken in African settings. In this paper we describe a study, the first to our knowledge, of blood lead distributions and associated risk factors, in a sample of users of shooting ranges in South Africa.
Methods
A cross-sectional, analytical study of blood lead concentrations, and associated risk factors, was undertaken at archery and shooting ranges in the cities of Johannesburg, Ekurhuleni and Pretoria in South Africa's Gauteng Province. Written invitations to participate in the study were sent to 9 archery and 26 shooting ranges that had been randomly selected from databases provided by the South African National Archery Association (list of 17) and the South African Police Service (list of 64) respectively. Timeous, written, informed consent to participate in the study was received from four archery and 4 shooting ranges; however one of the archery ranges was eliminated when a mutually agreeable date for fieldwork could not be found in the time available.
On fieldwork days, study participants, who were defined as adults aged 18 years or older, were regular shooters, not pregnant, and who had provided written, informed consent, were included in the study. The study protocol, consent form and participant information sheet had been approved by the Research Ethics Committee of the South African Medical Research Council. In three cases hand wipes were taken before and after shooting, as were surface wipes (tables and walls) in the shooting range. Dust samples were collected in accordance with the guidelines of the USA Department of Housing and Urban Development (http://portal.hud.gov/hudportal/documents/huddoc? id=lbph-40.pdf -accessed 25/05/2016). Analyses were undertaken by ICP/MS at a laboratory accredited through the South African National Accreditation System (SANAS). Blood lead levels were measured using a LeadCare ® II blood lead testing instrument. An 50 μl aliquot of whole blood was obtained from a finger prick after participants had washed their hands with soap and water. The test was conducted immediately in the field or within 24 h of blood collection. All blood samples were collected and tested by a registered medical practitioner. Two participants for whom the LeadCare II instrument indicated highly elevated blood lead levels, had venous blood samples drawn for laboratory analyses, which confirmed highly elevated blood lead concentrations. All participants with a blood lead level > 25 μg/dl were counselled and referred to a medical practitioner for further investigation. A self-administered questionnaire was completed by each participant to collect information on socio-economic factors, shooting practices and health status. 
Results
The study sample, recruited from four gun shooting (three of which were indoor ranges) and three archery ranges (all outdoors) in and around Johannesburg and Pretoria, initially comprised 121 individuals: 67 gun shooters and 46 archers. Three of those recruited at the shooting ranges turned out to be shooting range workers, but not regular shooters, and were therefore excluded from further analyses. Fifteen of 46 (33%) archers reported that they were also regular gun shooters, and were thus re-classified as shooters, leaving a final study sample of 118 individuals, of whom 87 (74%) were gun shooters and 31 were exclusively archers. A profile of the study population, broken down by archers and shooters, is given in Table 1 .
Blood lead distributions
Blood lead levels in the total sample (archers as well as gun shooters; n =118) ranged from 2.0 to 60.0 µg/dl, with the mean and median levels respectively equalling 9.3 (SD 9.5) and 7.0 µg/dl. The blood lead levels of 62.7% of the sample equalled or exceeded 5 µg/dl, while 28.8% had blood lead levels > 10 µg/dl. In 5.9% of cases, blood lead levels were > 25 µg/dl.
3.2. Blood lead levels by place of recruitment (archery vs gun shooting ranges) Table 2 gives the blood lead distributions by shooting/archery range. As shown, blood lead levels amongst participants recruited at archery ranges ranged from 2.0 to 10.4 µg/dl, with the mean and median levels equalling 3.5 (SD 2.1) and 2.0 µg/dl respectively. Around 26.7% of this group had blood lead levels > 5 µg/dl, while the blood lead levels of 2.2% equalled or exceeded 10 µg/dl. Amongst those recruited at gun shooting ranges on the other hand, the respective values for the mean and median blood lead levels were 12.8 (SD 10.5) (a 3.7-fold increase) and 9.3 µg/dl, with individual blood lead levels ranging from 2.0 to 60.0 µg/dl. Amongst gun shooters 84.9% had blood A. Mathee et al. Environmental Research 153 (2017) 93-98 lead levels > 5 µg/dl, while 45.2% had blood lead levels > 10 µg/dl. In addition, while none of those recruited at archery ranges had blood lead levels > 25 µg/dl, 9.6% of gun shooting range recruits did. The difference in blood lead levels between those recruited at archery relative to gun shooting ranges was statistically significant (p < 0.0001), and remained so after taking account of differences in education, income and employment status. Mean blood lead levels at the three archery ranges were similarhowever, blood lead levels increased with an increase in the proportion of archers who reported practising both archery and gun shooting. For example, the mean blood lead level at an archery range at which 5% of users also practised gun shooting was 2.7 µg/dl, while at an archery range where 55% of archers also shot guns the mean blood lead level was 4.4 µg/dl (see Table 2 ). At gun shooting ranges on the other hand, differences in mean blood lead levels were statistically significant. Specifically, the mean blood lead level at shooting range 4 was significantly elevated compared with mean levels determined at the outdoor shooting range 1 (p=0.014) and indoor shooting 2 (p=0.046) (see Table 2 ). The differences remained significant after taking account of income, education and employment status (p < 0.0001).
Comparison of archers and gun shooters
There were more females amongst the archers (25.8%) than among the gun shooters (10.3%), but this difference was not statistically significant (p=0.069). Archers and gun shooters were of similar age and employment status, and also had similar monthly household incomes. However significantly more archers than gun shooters had achieved a tertiary educational qualification (see Table 1 ).
Amongst those who practised archery only, the median blood lead level was 2.0 µg/dl (mean=3.3 µg/dl), while that in gun shooters was more than four times higher at 9.3µg/dl) (mean=11.9 µg/dl) (see Table 3 ). Guns shooters also had a higher proportion of participants with a blood lead level > the reference levels of 10 µg/dl (39.1%) and 5 µg/dl (78.2%), relative to 0% and 19.4% in archers. The difference in mean blood lead levels between archers and gun shooters remained statistically significant after taking account of educational, occupational and employment differences (p= < 0.001, [CI: 4.8-10.6]). Fig. 1 gives a graphical presentation of the blood lead distribution of gun shooters relative to archers. Table 3 gives the blood lead distributions of various archer/shooter sub-groups in the study sample. As can be seen, blood lead levels increased with an increase in the expected level of lead exposure. For example, the lowest blood lead levels were found in those who practised archery only (3.3 µg/dl), while archers who also shot guns had a higher mean blood lead concentration (7.8 µg/dl). The highest blood lead levels were found in gun shooters who also worked at a shooting range (16.3 µg/dl).
Risk factors for elevated blood lead levels in gun shooters
The average age of commencement of gun shooting was 17 years. However, some participants reported being as young as three years of age when they started shooting guns, while others only started shooting after 50 years of age. Participants reported shooting for up to 69 years, with the mean number of years of shooting being 22. Most shooters (40.7%) were shooting more than once per month (but less than weekly), while 33% were shooting on a weekly basis or more frequently. Around 26.7% were shooting on a monthly basis or more seldom. For most shooters (51%), shooting sessions last for less than an hour, with a further 27% usually spending between 60 and 90 min at the range, while the remainder (22%) would visit the range for more than 90 min. The vast majority of shooters (92%) preferred the use of non-jacketed bullets. Forty percent of shooters reported potential exposure to lead during their work or recreational life (for example with paint, batteries, fishing sinkers, wheel balancing weights etc). In the South African context dedicated cleaners are usually employed to clean the range and collect casings, and shooters themselves are rarely, if ever, required to play any role in this regard. Five percent of guns shooters reported making use of traditional medicines from time to time.
Amongst gun shooters, blood lead levels were not significantly associated with employment status or type, income or education (see Table 4 ). Blood lead concentrations were also not associated with frequency (p=0.283) or the usual duration of shooting sessions (p=0.2832). Nor were blood lead levels associated with the practice of keeping bullets in mouths, having accidentally swallowed a bullets, having been shot, being a hunter (54% of gun shooters were also hunters) or being a consumer of hunted meat. Blood lead levels were however, strongly associated with choice of shooting range (see Table 4 ).
Dust analyses
The average lead level in two surface dust wipe samples taken at A. Mathee et al. Environmental Research 153 (2017) 93-98 one of the shooting ranges was 1.4 µg/cm 2 (the individual readings were 1.1 and 1.7 µg/cm 2 ) which is well in excess of the reference level for floor dust of the US Department of Housing and Urban Development of 0.043 µg/cm 2 (or 40 µg/ft 2 ). Lead content analysis of hand dust wipe samples taken from three shooters before and after their shooting sessions, showed a marked increase in hand lead load (see Fig. 2) , from an average of 3.6-35 ppm, representing a near tenfold increase.
Discussion
This study has revealed the high risk of lead exposure in those making use of certain private indoor shooting ranges in South Africa. The blood lead levels of gun shooters (median=9.3 µg/dl) were found to be significantly elevated (more than four-fold) relative to their archer (control) counterparts (median=2.0 µg/dl). Users of indoor shooting ranges were shown to be at elevated risk relative to users of the only outdoor shooting range in this study. Blood lead levels also varied significantly among indoor shooting ranges. The findings confirm in an African setting (for the first time to our knowledge) the elevated risk of lead exposure observed in shooting ranges elsewhere in the world, including Sweden (Svensson et al., 1992) , Germany (Ochsmann et al., 2009) and Jordan (Abudhaise et al., 1995) . Since South Africa has no adult (or child) blood lead surveillance programme in place, it is not possible to compare the blood lead distribution in this group, with that in the adult general population in the country. However, relative to the blood lead reference level of 5 µg/dl in adults set by the National Institute for Occupational Safety and Health in the USA, the vast majority of shooters without occupational exposure in this study (84%), had elevated blood lead concentrations. Nearly a quarter of those who practised archery exclusively also had blood lead levels > 5 µg/dl, which may indicate a concern about ongoing lead exposure in the South African adult population in general.
After taking account of socio-economic status and risk factors such as placing bullets in mouths, casting own bullets, having been shot, hunting and consuming hunted meat, the only factor significantly associated with elevated blood lead levels was choice of shooting range. The shooting ranges in this study were poorly ventilated, and not equipped with appropriate mechanical ventilation systems. At one of the shooting ranges, hessian sand bags were stacked as a bullet trap. In the shooting range where the highest blood lead levels were found, the walls had been overlaid with a rippled layer of spongy foam in an attempt at noise control. The hessian bags, and in particular the spongy material, served as effective traps for lead dust, and over time its original light yellowish colour had turned black. All the shooting ranges made use of inferior cleaning methods (ordinary domestic vacuum cleaners, brooms and dry dusters, as opposed to wet cleaning methods and high-efficiency particulate air (HEPA) vacuum cleaners). Handwashing facilities were also mostly second-rate; for example, all ranges provided only fabric towels (most of which appeared highly soiled on the days of fieldwork), and some provided no soap. None of the ranges provided disposable paper towels for hand drying. No lead hazard awareness materials were evident in any of the shooting ranges, and some clients were observed to be freely taking drinks and snacks into the range for consumption, and smoking, while shooting. The factors outlined above may explain why high dust lead loads were found on surfaces in the range, and why hand dust lead levels increased ten-fold during the course of shooting practice sessions in three of the shooters studied.
The high risk of lead exposure in South African shooting ranges as demonstrated in this study, combined with low levels of awareness of lead hazards in the country in general (Haman et al., 2015) , may increase the likelihood of shooters transporting lead particles on their hands, hair, skin, clothing, shoes and shooting equipment from the range into their vehicles and homes, with a concomitant elevation in the risk of lead exposure amongst their families/households. Though not included in the current study, children were frequently observed to join their fathers and grandfathers in shooting practice sessions, and may in this way also be directly exposed to lead at shooting ranges.
Blood lead concentrations in the range determined in this group of gun shooters is associated with a range of detrimental health effects, including kidney damage, hypertension, cardiac disease and increased infertility (Kosnett et al., 2007; Martin et al., 2006; Schwartz and Hu, 2007) , as well as a range of non-specific ill health effects such as headaches and gastrointestinal, joint and muscle pain. This study therefore strongly indicates a need for further, nation-wide research on the risk of lead exposure in users of private, as well as public shooting ranges, including those operated by sectors such as the police and military services in South Africa. It will be important in such research programmes to examine elements not ascertained in the current study, for example air lead levels in shooting ranges, health outcomes and social outcomes, and user range practices, such as switching from one range to another. There is a need for increased awareness within the South African health sector of the elevated risk of lead exposure and poisoning in groups making use of guns and shooting ranges, including hunters, conservationists, police and military personnel, and recreational shooters. The careful taking of occupational and recreational histories may be particularly useful in indicating the need for blood A. Mathee et al. Environmental Research 153 (2017) 93-98 lead testing when members of these groups seek health care. Studies in Sweden for example, have shown police officers to be at elevated risk of lead exposure associated with their use of shooting ranges (Loefstedt et al., 1999) . Shooting range measures to reduce lead exposure should include lead hazard awareness campaigns, the institution of effective ventilation mechanisms, installation of proper handwashing facilities, avoidance of material or surfaces in shooting ranges that may trap dust, improved cleaning methods and equipment (especially the use of HEPA vacuum cleaners and wet methods), medical surveillance for both clients and shooting range workers and the substitution of lead ammunition with copper-jacketed bullets or lead-free bullets. Training manuals or curricula for high risk groups such as police and military officers, recreational shooters, private gun owners and hunters should also include modules on lead hazards and protection measures.
Conclusion
Shooting ranges in South Africa may constitute an important site of exposure to high levels of lead, as a consequence of inadequate ventilation mechanisms, low levels of awareness of lead hazards and poor housekeeping, and inadequate personal hygiene facilities and practices. Health and safety protection measures are needed to urgently directly address lead exposure concerns in users and workers -this will best be undertaken in the context of a holistic, national lead poisoning prevention programme for South Africa.
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